Abstract: Downy mildew (Peronospora plantaginis) caused two different types of infection in the floral parts of isabgol (Plantago ovata). Systemic infection resulted in long spikes bearing weak and sterile florets, which later turned black due to saprophytic growth. Localised infection produced various symptoms ranging between normal flower opening and failure to bloom. Different parts of infected flowers such as sepal, petal, filament and anther were reduced in size compared to healthy flowers. However, gynoecium was elongated in localised infection. P. plantaginis induced gradual sterility of isabgol flowers. Androecium was affected more than the gynoecium was. Pollen number, pollen viability and germination reduced drastically due to localised infection. On the contrary, there were no significant differences between healthy and locally infected flowers in terms of stigma receptivity. In systemically infected spikes, bud development was arrested leading to sterility. When localised disease severity was high, secondary systemic infection caused similar symptoms. Microscopic observations showed presence of the pathogen in different parts of the flowers. Downy mildew adversely affected seed yield and quality; producing seeds, which were smaller and lighter than the healthy ones and later, became black. Seed yield was reduced by as much as 73.45 percent. Husk content per unit seed mass increased relatively as the total surface area of infected seeds increased.
Introduction
Isabgol (Plantago ovata) is an important medicinal crop commercially cultivated in India. It is an exportoriented commodity primarily cultivated to cater the international demand. In fact, India is the sole exporter of isabgol husk and seeds in the world market. The annual export earning from isabgol husk and seed stands at US $ 400-600 million. The species is mainly valued for its mucilaginous husk. Biologically, 'isabgol husk' represents the epidermal layer of the seed. It is hydrophilic in nature and upon absorbing water, increases by 10 times or more in volume. Consequently, it is a very good dietary fibre, which stimulates peristalsis and helps in bowel clearance. It is also useful against dysentery and intestinal irritation or inflammation. Isabgol husk can lower blood cholesterol level. It is exploited by being blended into confectionary and junk foods (Pflaumer et al. 1990; Trautwein et al. 2000) .
The plant can be grown with low input and has become the crop of choice for the resource-poor farmers of the drier western parts of the country. However, downy mildew (Peronospora plantaginis) poses a threat for them.
The foliage symptoms consist of ash coloured downy growth and corresponding chlorosis (Desai & Desai 1969; Kapoor & Chowdhary 1976) . Rathore & Rathore (1996) first reported that the diseased plant produces abnormal spikes. Later, in a brief report, Mandal & Geetha (2001) confirmed floral infection by P. plantaginis. Downy mildew infections in the floral parts and seeds have been observed in other crops like corn, pearl millet, sorghum or sunflower (Ullstrup 1952; Purakusumah 1965; Safeeulla 1976; Viranyi 1992; Spring 2001) . Floral infection directly causes loss of seed yield and helps in long distance perpetuation of the pathogen (Hall 1989) . However, biology of the floral infection by P. plantaginis in isabgol has not been documented in detail so far. Information on reduction in seed yield and quality due to infection is also meagre. Hence, the objective of the study was to assess the impact of downy mildew infection in the inflorescence of isabgol with respect to floral biology, seed yield and quality.
Material and methods
Location of study and plant material used The study was conducted at the Directorate of Medicinal and Aromatic Plant Research (DMAPR), Boriavi, Anand, Gujarat, India (22 • 35 36 N 72 • 56 08 E) during the winter (November-March), with a highly susceptible cultivar of isabgol, Niharika. The crop was grown in two blocks, with or without (control) repeated fungicide (metalaxyl) application. The control plots were examined regularly from seedling emergence to plant maturity in order to record the initiation and development of disease syndrome under natural epiphytotic conditions. Healthy and infected inflorescences were tagged in the field from fungicide treated and control blocks, respectively. For each parameter (e.g. morphological measurements, pollen number estimation, stigma receptivity and pollen viability and germination) separate sets of inflorescences were randomly selected for collections of data. For morphological measurements of flower parts, two florets from an inflorescence were used.
Sampling technique for floral parts For morphological measurements, healthy and locally infected florets were collected after flower opening in the early morning (6.30-7.00 a.m.) before pollen dehiscence. The florets were brought to the laboratory in micro-centrifuge tubes kept in an icebox. These were either processed immediately for pollen counting, pollen viability, pollen germination studies and photography under dissecting microscope (Stemi 2000-C, Carl Zeiss, Jena, Germany) or, transferred in acetic alcohol (glacial acetic acid:absolute alcohol, 1:3) and kept at 4-8
• C for measurements of different floral parts and histological observations.
To study the stigma receptivity, freshly opened flowers were collected after pollen dehiscence (11-11.30 a.m.) and fixed in acetic alcohol for 24 hr. These were dissected to remove the stigma and stored in 70% alcohol at 4-8
• C until further processing.
Morphological measurement
Individual florets were dissected to separate the floral parts and measured under 4× and 10× objective lenses of a binocular microscope (Eclipse E200, Nikon Corporation, Tokyo, Japan) using micrometers. Morphometry of pollen grains was done at 40× objective. Twenty-five flowers were taken for measurement of each floral part.
Estimation of pollen numbers
Anthers (n = 5, representing 5 individual flowers) from healthy and infected florets were collected separately and put in a micro-centrifuge tube containing 1 mL of dispersing liquid (distilled water and Tween 20 , 19:1). The anthers were gently teased open and finger vortexed for 1 min to release the pollen grains. Pollen number was counted using haemocytometer and expressed as pollen number anther −1 . The process was repeated thrice (with 3 different groups) and average data were presented.
Estimation of pollen viability and germination
Freshly harvested anthers were gently teased to release the pollen grains. These were then dusted on a drop of acetocarmin solution and incubated for 30 min in a moist chamber at room temperature. A cover glass was placed on the liquid and pollen viability was measured by counting the stained (viable) and unstained (nonviable) pollen grains under a microscope. This experiment was repeated for five times taking samples from different flowers.
For germination study, pollens were mixed with a drop of Brew Baker's solution (boric acid 100 mg mL −1 , Ca(NO3)2 300 mg mL −1 , MgSO4 200 mg mL −1 , KNO3 mg mL −1 ) containing 25% sucrose on a glass slide and incubated in a moist chamber at 25
• C. The germination percentage was measured by counting the germinated and ungerminated pollens under a microscope after 4 hr of incubation. Estimation was repeated eight times from different flowers.
Histological observations
Infected portions of the spikes were trimmed and thin (0.20 µm), transverse and longitudinal sections (TS, LS) were made using a freeze microtome (Leica Microsystems GmbH, Nussloch, Germany). The sections were stained with lactophenol-cotton blue and observed under microscope to locate the fungal structures.
Determination of stigma receptivity Stigmas were cleared in 4 N sodium hydroxide for 1 hr at room temperature and carefully rinsed several times with distilled water to remove excess alkali. Decolourised aniline blue stained stigmas (n = 25) were mounted in a drop of glycerine and observed in UV epifluorescence under the microscope (BX50, Olympus Optical Co. Ltd., Tokyo, Japan). Pollens attached with the individual stigma were also counted.
Seed yield estimation
Ten healthy and ten infected inflorescences (r = 5) were separately threshed in the laboratory. Cleaned seeds were weighed and yield spike −1 was estimated.
Seed quality estimation
Two hundred randomly chosen seeds from healthy and infected spikes (r = 5) were weighed and converted as 1000 seeds' weight. These were then separated according to their appearance and black seed percentage in the lot was calculated. Length and breadth of ten seeds (r = 4) were measured using a digital vernier calliper. One-gram clean seed (r = 3) was boiled in a 50 mL beaker containing 10 mL of 0.1 N hydrochloric acid in a water bath until the seeds were visibly free from mucilage and turned pale yellow-brown. Then the seeds were poured on a wire mesh, washed twice with hot water and transferred into a pre-weighed glass beaker, dried overnight at 65
• C and weighed. The difference in weight from initial to final seed weight was due to husk content and it was expressed on percentage basis.
Statistical analysis
Statistical analysis was carried out using the statistical package MSTAT-C version 1.4 (Crop and Soil Science Division, Michigan State University, USA). Data were subjected to paired t test (P = 0.05, 0.01).
Results
Two different types of infection -systemic and localised, were observed. In systemically infected spikes, the distance between the florets increased compared to the healthy ones (Fig. 1A) . Hence, such spikes became conspicuously long bearing weak florets. In extreme cases, the inflorescence axis gets abnormally thickened and the floret number drastically decreases, all the florets becoming sterile.
Localised infections resulted in light green to pale yellow diseased spikes. Profuse ashy downy growth was visible on the infected flowers. Usually the bunch of topmost flowers showed localised infection (Fig. 1B) . The locally infected florets exhibited the entire range from partial to complete failure of opening (Fig. 2) . Pollen dehiscence normally occurred between 7.30 a.m. and 8.30 a.m. Stamens with cream coloured anthers were seen projected out. Anthers were positioned above the stigma ( Fig. 2A) . However, the anthers from the infected flowers did not fully come out of the corolla tube, failed to dehisce, and later turned brownish (Fig. 2B,  C) . At times, freshly opened diseased flowers had both yellow and brownish anthers, representing the active and dead, respectively. The florets from the downy mildew infected spikes were usually protogynous in nature. Sometimes the stigma emerged out even a few days prior to anthesis.
Systemic infection severely affected the whole inflorescence, arresting bud development and rendering all the florets non-functional. Hence, morphological measurements, floral biology and seed quality testing were conducted in the locally infected inflorescences, and were also compared with the control (healthy). The distance between two adjacent florets increased in the locally infected inflorescences, resulting in increased length of the floret-bearing segment of the inflorescence.
The mean spike length of 4.5 cm in normal inflorescence was significantly shorter than the one in the localisedinfected ones (5.3 cm).
Flowers were reduced in size due to localised infection (Fig. 2B, C) . Most of the floral-morphological variables were reduced in size (Table 1) . However, maximum reduction was observed in filament length (50.80%) in comparison to the healthy ones. Interestingly, the length of gynoecium increased in the localised-infected ones.
As evident in both TS and LS, the presence of pathogen was vivid within the host tissues. Major pathogen structures congregated in the outermost rind of the floral stock (Fig. 3A) . The mycelium was intercellular in the infection site. LS described the extent of pathogen spread in the florets (Fig. 3B) . Outer structures of the flower viz., sepal and petal were more colonised by the pathogen hyphae. The (range); b difference between the column means is significant by the paired t test (P = 0.05); c difference between the column means is significant by the paired t test (P = 0.01) Fig. 3 . Histological localisation of pathogen structures within localised downy mildew infected inflorescence of isabgol. TS through inflorescence rachis depicts pathogen congregation at the rind (A). LS through floret shows wide spread distribution of the pathogen within the flower (B). Bars represent 50 µm.
pathogen was however localised at the base of the ovule.
Pollen content was drastically reduced by 57.49% in diseased flowers. They also showed marked reduction in viability (14.37%) compared to uninfected flowers (98.33%). Many of them appeared unfilled. Germination of pollens from infected flowers was only 11.35%, against 90.32% of those from the uninfected anthers.
The pollens from the infected flowers that appeared empty under the light microscope failed to germinate.
Stigmas from both healthy and infected flowers showed good receptivity with ample pollen germination and pollen tube growth (Fig. 4) . On an average, the flowers from the control block had 39.23 pollens stigma −1 . However, the infected flowers that opened contained a slightly higher amount of pollen grains (49.47 stigma −1 ) whereas, infected flowers that failed to open showed 17.55 attached pollens stigma −1 . Localised infection in the inflorescence reduced seed yield. The seed yield from the infected inflorescence (5.82 mg spike −1 ) was less than one fourth of the uninfected inflorescence (21.92 mg spike −1 ). Downy mildew infection also affected the seed quality in the infected spike. The colour of the seeds became black due to infection and the proportion of such seeds increased in the produce (Table 2) . However, the seeds from uninfected spike mostly remained characteristically dull pinkish (only 0.80% black).
Due to localised infection, the infected seeds turned smaller and lighter compared to those from the uninfected spike. On the contrary, husk content of the infected seeds was significantly higher than that of the healthy ones (Table 2) . Seeds collected from infected inflorescence were lighter in weight. Hence, the unit mass of seed taken for husk estimation contained a higher number of seeds in the infected group than in the healthy one.
Discussion
The two types of floral infections, local and systemic, described here were observed on plants not systemically affected by downy mildew. Rather, these were the results of late season secondary infections. Infection in the early developmental stages of inflorescence resulted in wider spread of the pathogen in host tissues and produced severely affected systemic symptoms. However, when infection took place in developed florets, localised symptoms were produced. This can also not because of latent infection as incubation of such inflorescence in moist chamber produced pathogen sporulation only on portions of affected florets, not on other parts of the spike. Similar secondary infection in floral parts has been observed in sunflower (Viranyi 1992; Spring 2001) . Occurrence of humid weather coinciding with stages of flower development possibly plays an important role in the production of different symptoms (Spring 2001) . The genus Plantago contains nearly 270 species belonging to inbreeding or outbreeding systems. Outbreeding species, for example, P. lanceolata or P. lagopus invest more in male function. On the contrary, P. ovata, P. patagonica, representing inbreeding types, invest greater resources in female functions (Sharma et al. 1999 ). The present study also confirms similar behaviour with floral infection by P. plantaginis. The infection resulted in a gradual loss of fertility in isabgol flowers. However, the pattern followed is an adaptational strategy of the species against selection pressure of downy mildew infection. Viability of gynoecium is more important for perpetuation by seed production than that of anthers, since abundant pollens are formed. Hence, androecium was affected more in the infected flowers compared to the gynoecium, which tried to balance the non-functionality of its male counterpart. Singh & Pushpavathy (1965) and Safeeulla (1976) also reported that the stamens were affected more compared to the pistils in downy mildew-infected coarse cereals.
Male sterile (MS) flowers noticed in natural population of isabgol demonstrate normal anthesis like hermaphrodites (H) but anthers are reduced in size with no pollens (Atal 1958) . However, in some other Plantago species such as P. coronopus and P. lanceolata, wide range of sexuality is observed (Koelewijn & van Damme 1995; van Damme 1983) . Apart from H and MS phenotypes, male fertility appeared to be a continuum in P. coronopus with various anther types, which can appear intermixed at whole-plant level or, spike level (Koelewijn & van Damme 1995) . Interaction of several nuclear and cytoplasmic genes, each with dominant and recessive forms, is the resultant of such incomplete or partial male sterile (PMS) phenotypes (Koelewijn & van Damme 1995; Koelewijn & van Damme 1995a) . PMS individuals exhibit labile sex expression, which is highly influenced by environmental cues (Koelewijn & van Damme 1996) . This is possibly due to heterozygosity at the multiple nuclear gene loci controlling male fertility restoration (Koelewijn & van Damme 1995a) . It is interesting to note that our study also describes spikes with such unstable sexuality (under the influence of downy mildew infection). Such sexual forms are seldom encountered in healthy isabgol population. Activation/inactivation of so called redundant gene products in P. ovata under downy mildew infection, which are otherwise not common, may be a possibility. If such genes interact to code for enzymes or hormones, thereby altering the hormone level, plants will be MS, PMS or H (Koelewijn & van Damme 1996) . Durand & Durand (1990) established a relationship between hormones and male sterility. In fact, changes in hormone concentration due to downy mildew floral infection are already known (Rai & Sinha 1968; Safeeulla 1976; Benz & Spring 1995) . Involvement of such hormonal cross talk needs further investigation in this host-pathogen system and if deciphered, it may change the breeding scenario of this crop for agricultural utilisation. Our preliminary (unpublished) data indicate such possibilities.
The effect of localised floral infection of downy mildew on isabgol seed is reported for the first time in this study. Flower infection helps the downy mildew pathogens to produce seed-borne inoculum in several hosts (Purakusumah 1965; Subramanya et al. 1981; Semisi & Ball 1989; Mehta et al. 2005) . Work on perpetuation of the infection through seed borne inoculum in this crop is in progress.
To conclude, our study shows that floral infection of isabgol by downy mildew causes (i) wide ranging morphological changes in flower and seeds, (ii) gradual sterility of the flower and (iii) production of inferior seeds. Hence, this work is not only important to the phytopathologists but also to the production scientists, breeders and seed technologists engaged in this crop.
